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Device for Low-Interference Signal Transmission 



Description 



Field of the invention 

The present invention relates to a device for or a method of improving the electro- 
magnetic compatibility (EMC) of data circuits and of digital data circuits in particular. 



The applications of digital data circuits are continuously expanding. In the majority of 
cases the digital signal transmission presents significant advantages over analog 
signal transmission. The costs of high-speed data channels are reduced by the de- 
velopment of new transmission techniques. The width of the individual channels has 
become very inexpensive so that multiplexing of several low-rate signal circuits to 
form a single high-speed signal circuit is often the most economic solution. This has 
been implemented particularly in high-rate revolving connectors. 

The conventional solution for the transmission of high data volumes from rotating 
parts to stationary parts has been the parallel application of a large number of slip 
ring paths. This resulted in a solid structure of a very high weight, which incurred 
high costs. Even though mechanical slip rings are particularly well suitable for energy 
transmission they present some significant disadvantages for the transmission of 
huge data quantities, such as a restriction of the bandwidth, contact noise and fail- 
ure. 



Prior Art 



Due to the large number of circuits having a data transmission capacity close to the 
physical limits of the contacting slip ring paths service life and maintenance were a 
main concern. The new contact-free high-rate circuits overcome all these problems 
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and permit a maintenance-free service life with a maximum quality in transmission 
and with an almost unrestricted bandwidth. 

A very important aspect not only in the application of contact-free high-rate circuits 
but of any electronic device is the electromagnetic compatibility. Electromagnetic 
emissions are most critical in wire-based circuits and in unshielded revolving con- 
nectors, but even transmitters, receivers and amplifiers in circuits based on optical 
fibers may emit electromagnetic fields. 

Brief description of the invention 

The present invention describes how the electromagnetic compatibility (EMC) is de- 
pendent on the emitted signals, particularly in high-speed data circuits, and how 
these signals may be varied in such a way that the electromagnetic emissions will be 
minimized. The inventive device or the inventive method, respectively, are equally 
essential for the application of contact-free high-speed data circuits particularly in 
very large open units such as those designed for computer tomographs (CT scanner 
means). 

In correspondence with prior art optional signals and digital signals in particular are 
transmitted in the base band or in a modulated form, predominantly in the form of 
more or less steep-edged rectangular signal strings. These signal strings present a 
distinct wide line spectrum as a function of the respective coding. This spectrum may 
result in interfering radiations already in closed or shielded systems, particularly, 
however, in open systems such as revolving transmitters, which interfering radiation 
may exceed the limits defined in the common EMC standards. In this respect con- 
tact-less open transmission systems such as those employed for linear transmission 
or revolving transmission are particularly problematic. Leakage line systems are ex- 
plicitly affected by this effect, too. 

For a reduction of the noise level various provisions have become known. For in- 
stance, low-pass or even band-pass filtering is suitable to restrict the transmitted fre- 
quency range. This is, however, possible with difficulties only, especially in wide- 
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band transmission systems such as transmission at 200 MBaud. For instance, a 
minimum bandwidth of 140 MHz is required for a 200 MBaud circuit. Another provi- 
sion is the reduction of the transmitted signal level. This results, however, in a worse 
signal-to-noise ratio and hence also in an impairment of the bit error rate in digital 
systems. With the provisions in correspondence with prior art it is possible with diffi- 
culties only to improve the EMC characteristics of such a transmission circuit without 
impairment of the transmission properties as such. 

The present invention is therefore based on the objective of configuring a digital 
transmission circuit, particularly a contact-free revolving transmission circuit, in such 
a way that the emitted noise level may be reduced in the sense of the current EMC 
standards, without a corresponding impairment of the quality in transmission. 

This problem is solved with the provisions defined in Claim 1. In accordance with the 
invention the transmitted line spectrum of the signal is spread by modulation of the 
transmission cycle in such a way that the gaps between the individual spectral lines 
are filled and hence the mean spectral power density is reduced. An inventive sys- 
tem consists of a transmitter in correspondence with prior art, which comprises a 
clock generator, as well as an additional modulator unit which controls the transmitter 
or the clock generator thereof, respectively, or the transmitter output signal to an op- 
tional site in the transmission circuit in such a way that the spectrum will be spread. 
Such a control may be a phase or even frequency modulation, for instance. Ampli- 
tude-modulating or other modulating techniques are conceivable as well, however. 
Furthermore, an additional controller is provided which provides the modulator unit 
with the modulation signal. 

The invention is unambiguously distinguished from a modulation technique for im- 
provement of the EMC characteristics of an integrated circuit, which is known from 
prior art from a publication by the company of IC Works, 3725 North First Street, San 
Jose, CA, U.S.A. of March 1997, entitled "Spread Spectrum Clock Generator". This 
prior art reference relates to the improvement of the EMC properties in computer 
board, but not in transmission circuits. 
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Influence of spectral spreading on EMC characteristics 

The general term "Electromagnetic Compatibility (EMC)" is hard to define. Here ref- 
erence is made to the very general CISPR 1 1 standard which defines limits for the 
maximum emission of electromagnetic energy and which specifies the suitable 
measuring techniques. This standard determines a measurement of emitted emis- 
sions in the frequency range of 30 MHz to 1 GHz. The emitted power is measured in 
120 kHz steps with a bandwidth of 120 kHz. It is not definitely necessary in the appli- 
cation of a spectral spreading technique to have a uniformly distributed wide-band 
spectrum; what must be duly considered is only the fact that the same amount of en- 
ergy is supplied to each 120 kHz range. This can be achieved with a wide-band sig- 
nal or an individual narrow-band peak in this range. For the majority of applications 
the spreading of this spectrum in lines having a spacing of 120 kHz or a safety 
spacing of 100 kHz from each other constitutes the most inexpedient solution. A fur- 
ther spreading of this spectrum requires the introduction of very small frequency 
variations in the data stream. In some applications, these modifications occur natu- 
rally, e. g. when "real data" such as video signals is transmitted. However, provisions 
should be made to ensure that in extreme situations, e.g. when the video signal is 
deactivated and only digital zeros are transmitted, the spectrum is spread to a suffi- 
cient width so as to comply with the EMC specifications. 

In the application of high-speed digital data circuits substantial provisions must e 
made to ensure that the requirements of the international EMC regulations will be 
satisfied. With data rates of a few hundreds to a few thousands of MBaud, the basic 
frequency comes under the range of common transmission, broadcasting and televi- 
sion bands. For a general reduction of interference it is better to transmit the infor- 
mation in one wide-band signal with a homogeneously distributed low spectral power 
density rather than information including a few discrete high-power spectral lines. 

The invention describes how commonly applied digital data circuits can be modified 
in such a way that the spectrum undergoes a significant spreading. 
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There are two supplementing techniques available to achieve this. The first tech- 
nique is the appropriate coding of the digital signal. The further technique is some 
kind of frequency modulation. This frequency modulation can be implemented any- 
where throughout the circuit without influencing the transmitter or the receiver. 

In accordance with the invention the conventional data coding is expediently contin- 
ued for an optimization of the EMC characteristics. 

Spreading of the carrier signal (data cycle signal) of the transmitter 
In the transmitter the development of the data flow in time can be simply controlled 
by controlling the transmitter carrier signal. This requires a direct access to the 
transmitter carrier signal. One conventional solution is the substitution of a newly 
modulated oscillator for the standard quartz oscillator unit in the same unit. 

In a particularly expedient embodiment of the invention the modulation unit is so 
configured that it subjects the cycle frequency of the clock generator of the transmit- 
ter to frequency modulation in correspondence with the modulation signals of the 
controller. Such a configuration is particularly simple to implement in engineering 
terms by providing a VCO in the frequency-determining element of the clock gen- 
erator, which varies the frequency of the clock generator as a function of the control 
voltage applied thereto. The control voltage of this VCO is predetermined by the 
controller. When the controller now furnishes a low-frequency signal The frequency 
of the clock generator of the transmitter varies with the cycle of this signal, too, and 
hence it is frequency-modulated. 

Freguency modulation 

Frequency modulation is the direct approach for spreading the spectrum. Serial 
standard transmission circuits such as TAXIchip® or Hot-Link® tolerate a static 
variation from the cycle frequency by +0.1 %. To observe the limits set for quartz os- 
cillator tolerances the maximum frequency variation should be less than 10" 4 . As the 
spreading of spectral lines does not furnish an advantage below 100 kHz, as has 
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been set out in the foregoing, the minimum data rate / Dmin for low-rate frequency 
shifts is as follows: 



100 kHz 

/□min = — = 1 GHZ (6) 

10^ 

based on the formula 

/Data 

fmn = (3) 
^ Frame 

wherein n Frame indicates the number of bits in data blocks, / Data signifies the data cycle 
frequency, and / Min represents the lower frequency limit. 



This shows that low-speed frequency shifts do not furnish any improvements at data 
rates below 1 GBaud. 



Phase modulation 

Phase modulation is simply achieved by insertion of a controlled electrical delay into 
the carrier signal (or clock signal, respectively). A low frequency of phase modulation 
can be automatically controlled in timing by the receiver PLL but it does not result in 
a significant spreading of the spectrum. A very high frequency phase modulation 
produces the desired effect on the spectrum but its behavior is comparable to an ad- 
ditional synchronization interference on the receiver input. 

In another expedient embodiment of the invention the modulator unit is arranged 
downstream of the signal-processing and modulating stages of the transmitter so 
that it can directly modulate the output signal of the transmitter. 

Modulation of the data stream ^ 

In accordance with the present invention, the spectrum can also be spread by 
modulating the transmitter output signal (or the data stream, respectively). The 
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modulation or modification of the transmitter output signal (or the data stream, re- 
spectively) as such presents a great advantage over the modification of the trans- 
mitter carrier signal (or the transmitter data cycle signal, respectively). A modification 
in the transmitter as such is not required. The transmitter output signal (or the data 
stream, respectively) can be modified anywhere in the transmission circuit. Hence 
this system does not demand any modification of the transmitter design, which al- 
lows for low development costs and a smooth integration into existing designs. 

In a further expedient embodiment of the invention the transmitter comprises a delay 
circuit controllable by the control generator, which delays isolated pulses or even 
only signal edges of the output signal in proportion to a low modulation frequency 
predetermined by the control generator. In the sense of the invention the term 
"transmitter" is to be understood to denote the combination of all units which process 
and combine data, signals or cycles in such a way that they can be transmitted via 
the transmission circuit as such. For the purposes of the present invention it is irrele- 
vant whether this delay is achieved in the clock generator of the transmitter or in a 
subsequent stage or even as late as in a driver circuit for the transmission circuit. 

Phase-shift technique 

The best way to modify an existing data stream without any influence on the data 
transmitter hence consists in the adoption of a controlled delay. The data stream is 
supplied to a delay controller means which analyses the data stream and generates 
a control signal V P for the controlled delay circuit. This circuit delays the data stream 
for an interval defined by V P . An almost static delay, which has been modulated by a 
low frequency, corresponds to a phase modulation. This type of phase modulation 
produces only a minor effect on the width of the spectrum. In phase modulation the 
width of the spectrum is largely independent of the modulation frequency. Therefore 
the modulation angle must be increased for spreading the spectrum. A higher 
modulation requires specific circuits including memory elements, and this can no 
longer be implemented by means of plain delaying elements. Some kind of fre- 
quency modulation is more expedient here. Frequency modulation is a special case 
of phase modulation with phase angles integrated versus time. 
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Furthermore, the phase shift can be expediently implemented by a clock regenera- 
tion technique. 

In addition to the modulation by a modulator unit, data coding by means of pseudo- 
random noise can be expediently implemented. 

In correspondence with another expedient embodiment of the invention a controller 
unit is provided in the receiver which controls the clock generator of the receiver in 
synchrony with the modulation of the transmitter. This synchronization can be op- 
tionally performed via a signal which is jointly available to the transmitter and receiver 
sides, such as the network frequency. 

In a further expedient embodiment of the invention a controller unit is provided in the 
receiver, which, in the event of modulation of the frequency of the clock generator of 
the transmitter, controls the clock generator of the receiver in synchrony with this 
modulation so that the received signal can be processed further in the receiver in 
non-modulated form. 

An another expedient embodiment of the invention an additional signal is transmitted 
in parallel with the transmission circuit between the transmitter and receiver sides for 
controlling the modulation. On account of this additional signal now a demodulation 
can be performed in the receiver, which is synchronized with the modulation in the 
transmitter. 

Brief description of the drawing 

For an explanation of the invention Figures are attached wherein: 
Fig. 1 shows an inventive system; 

Fig. 2 illustrates the noise spectrum of a typical transmission circuit with 190 
MBaud in the base band; 
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Fig. 3 shows the noise spectrum of the transmission circuit according to Fig. 2, 
with a frequency modulation of the clock generator; 

Fig. 4 illustrates a 200 MBaud 1010-PCM signal (upper graph) and a bit cycle 
signal (lower graph); 

Fig. 5 represents the spectrum from 9 to 1 GHz of a 200 MBaud 1010-PCM sig- 
nal; 

Fig. 6 shows a 200 MBaud PCM signal with 10000100 pattern (upper graph) and 
bit cycle signal (lower graph); 

Fig. 7 illustrates the spectrum from 9 to 1 GHz of a 200 MBaud PCM sig- 
nal(10000100); 

Fig. 8 shows the spectrum of a normal 200 MBaud PCM signal (narrow graph) 
and a 2009 MBaud PCM signal with frequency-modulated bit clock signal 
(wide graph) at an indicated center frequency of 100 MHz and a spacing 
by 10 MHz; 

Fig. 9 is an illustration of the 200 MBaud signal in Fig. 8 (upper graph) with fre- 
quency-modulated bit clock signal (lower graph); 



Fig. 10 shows a 200 MBaud PCM-PN7 spectrum (pseudo noise with 128 bit pat- 
tern length) having a peak amplitude of -36 dBm and a line spacing by 
1.56 MHz; 

Fig. 11 illustrates a 200 MBaud PCM-PN15-spectrum (pseudo noise with 32768 
bit pattern length) having an amplitude of -60 dBm and a line spacing by 
6.1 KHz; 
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Fig. 12 shows a 200 MBaud PCM-PN17 spectrum (pseudo noise with 131072 bit 
pattern length) having an amplitude at -54 dBm and a line spacing by 1.5 
KHz; 

Fig. 13 shows a random coding (upper three graphs) and decoding (lower three 
graphs), with coding being realized by an exclusive-OR linking of the data 
with a pseudo noise string; 

Fig. 14 illustrates a controlled phase shifter means; 

O 

U1 Fig. 15 shows a 200 MBaud PCM basic frequency at 100 MHz (narrow peak) and 

nil 

ll the spectrum of a phase-modulated signal with 6.28 rad at 10 KHz (wide 

peak); 

•set? 

□ Fig. 16 illustrates a 200 MBaud PCM basic frequency at 100 MHz (narrow peak) 

si 

and the spectrum of a frequency-modulated signal with 1 MHz (wide 
peak); 

Fig. 17 is a graph of a plain frequency-modulated signal; 
Fig. 18 illustrates a doubled spectrum; 

Fig. 19 shows an FM-spread spectrum at a low frequency shift; 

Fig. 20 shows an FM-PCM signal (upper graph) and a bit clock signal (lower 
graph) with a low frequency shift; 

Fig. 21 illustrates a modulation by means of cycle regeneration; 

Fig. 22 is a view of a 200 MBaud 1010 PCM signal spectrum from 9 to 1 GHz; 
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Fig. 23 is a view of a 200 MBaud 1010-PCM signal spectrum with 8B/10B coding 
from 9 to 1 GHz; 

Fig. 24 is a view of a 200 MBaud 1010-PCM signal spectrum with 8B/10B coding 
and FM from 9 to 1 GHz, and 

Fig. 25 is a view of a 200 MBaud 1010-PCM signal spectrum with pseudo-random 
coding fro 9 to 1 GHz. 

Description of embodiment 

Fig. 1 shows an inventive system consisting of a transmitter (1) which is connected 
to the receiver (3) via the transmission circuit (2). The transmitter (1) includes a 
modulator (4) and is controlled via the controller (5). By means of this controller now 
the modulation signal for modulating rtoe signal of the transmitter or the frequency of 
the clock generator, respectively, is generated in such a way that the spectrum of the 
output signal, which is transmitted via the\lata channel (2), will be spread. For re- 
ceiver circuits corresponding to prior art a slight modulation, particularly a frequency 
modulation of the transmitter signal, is no problem. The modification of the fre- 
quency, particularly at a low modulation frequencW, is finely controlled, without any 
problem, by the PLL provided in the receiver for datsrand cycle reconstruction. 

Fig. 2 shows the spectrum measured in an absorber hall, which is emitted y a trans- 
mitter corresponding to prior art via the data circuit (2). 

Fig. 3 shows the spectrum of an inventive system wherein the control generator is 
employed to modulate the signal of the transmitter with a frequency shift by 2 MHz. 
As a result, also spectral fractions fall into the gaps between the spectral lines. With 
the same output signal amplitude the power density in the individual frequencies is 
hence reduced. The reduction of the maximum amplitude ranges at 16 dB approxi- 
mately. 
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Frequency spectrum of digital signals 

Like in almost any digital data link the data stream is present in the PCM format, 
which means that only two digital levels - i.e. zero and one - are present. The infor- 
mation is contained in the presence of zeros and ones in defined time windows. For 
a signal with alternating zeros and ones the wave shape corresponds to a symmetri- 
cal rectangular wave (Fig. 4) having a frequency corresponding to half the bit cycle 
rate. 

Such a signal presents the commonly known spectrum illustrated in Fig. 5. 

What appears is only odd harmonics with a linearly decreasing amplitude. Even 
harmonics occur only if the signal is non-symmetrical. When the signal has other 
patterns with wider time intervals of zeros and ones, like the signal in Fig. 6, side 
bands appear in the spectrum with offsets by multiples of the frequency components 
of these longer time intervals. This leads from a plain needle spectrum to a multiply 
diversified spectrum such as that illustrated in Fig. 7. 

When a great number of different patterns is present, e.g. in different combinations, 
the spectrum undergoes an ever-increasing diversification. For the majority of digital 
signals the average electrical power of the data is constant. In a measurement over a 
fairly long time interval the numbers of zeros and ones are approximately equal. For 
instance, the mean power P Mean of a random binary signal is the mean power of zero 
P 0 and one P^ 



In a spectral representation of the total of all amplitudes A t of the spectral lines this 
total must therefore equal this value: 




(1) 



2 



P Mean ~ 



(2) 
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Reduction of the spectral power density 

In our first example (Fig. 4) with the pattern 1010 high energy levels are present at 
the base frequency of the signal and its harmonics. If the signal is spread to addi- 
tional frequencies the energy of the individual spectral lines must be reduced be- 
cause the total energy is constant. Hence the unrestricted spreading of the band- 
width results theoretically in unlimited low energy densities. In practice, however, 
there are some restrictions. 

Even though bandwidths are not very expensive unrestricted bandwidths are expen- 
sive. A good design of a data circuit thus does hence not employ much more band- 
width than is necessary for the transmission of the information. But even the filling of 
the gaps between the spectral lines would furnish a substantial improvement. For an 
optimization of a data link the coding and the shaping of a signal should be made in 
such a way that an additional bandwidth will not be necessary and that instead of in- 
dividual spectral lines a constant power spectrum with frequency-independent power 
densities is present. Fig. 8 illustrates a typical needle spectrum of a 1010 signal and 
with the second graph of the spectrum of the same signal, which has been modified 
for a wider bandwidth with a 2 MHz frequency modulation (FM). Fig. 9 shows the 
same signal and its clock signal in the time window of an oscilloscope. There is no 
significant difference between these two signals. 

This shows that the EMC characteristics of a digital link can be significantly improved 
by a slight modification of the signal. In the following, different techniques will be de- 
scribed for spreading the spectrum. 

General Data coding schemes 

Data is usually packaged in blocks containing an additional block and error verifying 
bits. These additional bits are equally required for synchronizing the data receiver 
with the transmitter. A defined coding such as 8B/10B is often used for execution of 
these tasks. In this way an extremely long data stream composed of nothing but ze- 
ros and ones would never occur. Typical blocks including synchronization and error 
correction bits have sizes of n Frame of roughly 10 to 20 bits. This provides a lower fre- 
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quency restriction and a spacing of the spectral lines with the block repetition rate 
even if the data contains nothing but zeros and ones. At a data cycle rate f Data the 
lower frequency limitation f Min and the minimum spacing of the spectral lines corre- 
spond to: 



J Data 

fMin ~ (3) 

/Frame 



As a rule, the data is additionally coded to ensure freedom of continuous current and 
to increase the redundancy for a plain error detection. Both data packaging and 
coding enable the spreading of the spectrum. A low packaging density results in a 
comparatively high packaging repetition rate and therefore in a moderate spreading 
of the spectrum. For instance, at a data cycle signal rate of 200 MHz, a 10-bit block 
furnishes a spectral line spacing of: 

200 MHz 

f M in = = 20 MHz (3) 

10 



This means that not only spectral lines occur in the spectrum at 100 MHz, 300 MHz, 
500 MHz, etc., but also additional lines spaced at 20 MHz. This furnishes five times 
as many spectral lines at a mean reduction of power by 7 dB. Such coding alone is 
not sufficient for an efficient EMC improvement. 

Pseudo-random patterns 

A data stream including a random succession of zeros and ones results in a very 
homogeneous spectral distribution. In theory, an unlimited random succession would 
result in a perfect spreading spectrum having a constant spectral power density. It is 
inexpedient that such a data stream cannot contain the desired information. In an 
approach to a solution to this problem it is possible to employ deterministic pseudo- 
random patterns. These patterns consist of a predetermined reproducible string of 
bits. As a rule, the length of these patterns is determined. These patterns are re- 
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ferred to as pseudo-random patterns because, at the first glance, they look like a 
random string even though they yet present a determined succession and can be 
predicted. A genuine random succession can never be predicted. 



Pseudo-random patterns used in practical applications have a restricted pattern 
length. After the emission of n P bits the same pattern is repeated. The reasons for 
short patterns are limited memories for storing the patterns and a simpler synchroni- 
zation. A long pattern and therefore a low pattern petition rate furnish low frequency 
components in the signal and therefore lead to a narrow spacing of the spectral lines. 
The minimum spacing Af of adjacent spectral lines is reciprocally proportional to the 
random pattern length n P : 



Thus a long pattern length is desirable for a small spacing of the spectral lines. The 
influence of the pattern length is illustrated in Figures 10, 11 and 12. 

In Fig. 10 the spectral lines are spaced by 1.56 MHz whilst their amplitudes amount 
to -36 dBm. If, as is shown in Fig. 11, a longer code string is selected, with the pat- 
tern length being 256 times as long, the spectral lines are spaced by 6.1 KHz. This is 
below the resolution of the spectral analyzer which displays a straight line. The am- 
plitude of the spectral lines (which is identical with the amplitude of the line) amounts 
to -609 dBm, which corresponds exactly to 1/256 of the previous amplitude of -36 
dBm. In Fig. 12 a pattern length is applied which is four times the previous length, 
which results in a signal amplitude four times smaller (-6 dB). 

Application of prior art pseudo-random patterns 

A plain approximation for very short pseudo-random strings is a coding scheme such 
as the commonly applied 4B/5B or 8B/10B coding. Here 8 bit binary numbers are 
encoded in a string of 10 varying bits. In this manner a long succession of zero bits 



Influence of the pattern length on the spectral density 



fo 



Af = 



(5) 
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will not derive even from a zero. These patterns produce a slight spreading effect but 
they furnish a more homogeneous spectral distribution. 

Moreover, a highly common application of pseudo-random patterns are bit error rate 
tests where the wide-band spectrum of these patterns allows for a complete check of 
the entire transmission system. 

Static patterns 

The mostly serial transmitters operate on a blank character if there is no data to be 
transmitted. This blank is an unambiguous pattern which enables the identification 
"no data" and furthermore permits the synchronization of the receiver with the trans- 
mitter clock signal. Only one kind of blank pattern is usually present. If over pro- 
longed periods of time no data is transmitted only this pattern is transmitted via the 
circuit. It presents the same length as a standard data word and has therefore a 
comparatively high lower frequency and a spacing of the spectral lines which derives 
from the equation (5). Such patterns do usually not present a straight distribution of 
their spectral lines. Consequently, a high-speed data link may display excellent EMC 
characteristics when real data is transmitted. But as soon as the transmission is ter- 
minated and a blank is transmitted the EMC characteristics are strongly impaired. 
These static patterns are the most inexpedient case of electromagnetic emission or 
transmission, respectively. If a transmission of these patterns cannot be avoided 
over a prolonged period of time the EMC measurements should be made under 
these conditions. 

In the definition of a sound system such static patterns should be avoided by all 
means. This may be achieved by the transmission of varying receiver blanks or by 
the emission of a pseudo-random string signaling the blank character state. Even a 
long string of zero codes may be accepted provided that this string is coded with a 
pseudo noise signal having a long pattern length. 
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Inventive method of spreading the bandwidth 

As has been described in the foregoing, there are different approaches for spreading 
the spectrum. The best effect on the electromagnetic emission is achieved when at 
least two methods are applied which complete each other. A very good combination 
is a pseudo noise data coding together with some kind of modulation of the data 
variation in time. The data variation in time can be modulated in different ways. One 
approach is the modification of the original data cycle signal at the transmitter end. 
Another way is the modification of the variation in time of the data stream as such. 

Data coding 

As has been set out in the foregoing, the data stream should have the appearance of 
a random string for optimization of the EMC characteristics. Real data very often dis- 
plays random characteristics. In measuring signals or video image signals a certain 
noise always occurs which contributes also the random characteristics. In other 
cases the coding of the data stream with a random string would furnish a desired re- 
sult. This coding is very easy to implement. When data is transmitted in large blocks 
each block may be subjected with a given random string to an exclusive-ORing 
process (Fig. 13). Now the transmitted signal has the appearance of a random sig- 
nal. Even in the worst case of a string of zeros or ones the signal looks like a random 
signal. 

The receiver can reconstruct the original data as the original data block by the exclu- 
sive-ORing of the block with the same random string. In an alternative, the signal 
may be supplied to a traditional pseudo random generator which may be based on 
shift registers with feedback. 

There are certain situations which should be focused on. The majority of data paral- 
lel-serial converters present a defined "no data" signal which enables these convert- 
ers to synchronies in the case of missing data. If the parallel-serial converter is not 
supplied with data it will continuously transmit this short data word which consists 
normally of a succession of 10 to 20 bits. This signal results in a very broad fre- 
quency line spacing and therefore in very bad EMC characteristics. Therefore one 
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should avoid by all means that a static pattern is pending for transmission. To pre- 
vent this situation data must be supplied to the parallel-serial converter. This may be 
done by means of a simple software modification. Instead of not transmitting data the 
same blocks may be transmitted which are used for data but which are filled with ze- 
ros or a few other patterns which can be identified as "no data". When the stream of 
zeros is subjected to an exclusive-OR combination with the random pattern this fur- 
nishes a perfect random pattern in the data link and therefore the best EMC charac- 
teristics. Following the exclusive OR combination with the random pattern the stream 
of zeros can be easily identified as "no data" on the receiver side. 

As has been set out in the foregoing, the spacing of the spectral lines is reciprocally 
proportional to the pseudo random pattern length. The minimum spacing of the 
spectral lines can be computed by the equation (3). The data coding operation 
should be completed by the application of a technique of modulating the variation in 
time. When very long code strings are not employed a data coding technique is best 
suitable to furnish a rough spreading whereas a modulation of the variation in time is 
best suitable to result in a fine spreading. 

Spreading of the data cycle signal 

In the introduction both the frequency modulation and the phase modulation have 
been described. 

For achievement of an improvement for lower data rates in case of frequency modu- 
lation the cycle must be shifted by more than the permissible 10" 4 . This can be 
achieved by synchronous shifting of the transmitter and receiver cycle. For execution 
of this shift a low-frequency message transmission must be provided between the 
transmitter and the receiver. Such an information can be transmitted via an additional 
low-frequency line or, in the case of revolving connectors, through a conventional 
slip-ring circuit. In such a case noise and bandwidth are not critical. Another ap- 
proach is the application of some signals which are already jointly available, like in 
the case of an AC energy circuit for modulating the synchrony between the trans- 
mitter and receiver cycles. Hence an additional signal is not required. 
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Better results can be achieved with a modulation of the clock signal with a very high 
frequency proportional to time. The modulation should be very fast so that the re- 
ceiver PLL cannot follow the frequency variations. If the overall phase shift is too 
large the receiver may lose data. In such a case a similar technique may be applied 
such as that described in the introduction with respect to the phase shift technique. 
This solution should be generally matched with the link and its actual data cycle rate. 

The modulation of the data stream and the phase shift technique have been pre- 
sented in the introduction. Fig. 14 shows the block diagram of the circuitry for the 
phase shifting technique. 

Fig. 15 illustrates a phase-modulated signal with a 6.28 rad modulation at 10 KHz. 
This phase shift by 6.28 rad corresponds to a complete period. 

Fig. 16 shows some kind of frequency modulation with a frequency modulation at 1 
MHz. The frequency modulation is a special case of a phase modulation with phase 
angles integrated versus time. 

A simple example of such a frequency-modulated signal is shown in Fig. 17. 

The input signal presents a constant cycle rate. This means that all time intervals t„ - 
t^ have the same width. In the case of a controlled delay circuit the clock signal 
variations by the times to, t 2 , t 4l tg, t 8 do not present any delay whereas the variations 
by the times t 3( t 7 display a small positive delay A and the variations at the points of 
time t lf t 5 show a small negative delay -At. As a consequence, the first clock signal 
cycle T, is longer than the second clock signal cycle T 2 . Hence T, can be expressed 
by the following formula: 



T 2 + 2 x At 



(7). 



For this reason, the basic frequencies of both clock signal cycles are equal: 
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1 

fi = 



T 2 + 2 At 



(8) 



f 2 = 



(9) 



Now the number of the spectral lines has been doubled (Fig. 18). 

For a further increase of the number of spectral lines it is possible to introduce addi- 
tional frequencies f, and f 2 . To achieve this it is only necessary to vary the delay At in 
correspondence with the equations (8) and (9). 

To this end the delay control means is controlled by an additional modulation gen- 
erator which forces the delay control means to go through all delays between At Min 
and At max at a very low frequency. Thus the spectral lines between f, and f 2 are filled, 
as is illustrated in Fig. 19. 

On account of the very small additional delays the signal behaves like a signal with 
additional low synchronizing interferences Outers) (cf. Fig. 20). This additional jittering 
presents two spectral components which must be considered. Initially, the high-fre- 
quency modulation behaves like a real jitter. It takes an influence on the link proper- 
ties. For contact-free revolving connectors, however, which present a 5% jitter, an 
additional modulation jittering of 5% is acceptable. The majority of digital link receiv- 
ers accept 20% jittering without any impairment. Secondly, the low-frequency com- 
ponent of the modulation generator is so selected that a period is slightly shorter 
than the period of the integration of the EMC measurement. For measurements in 
compliance with CISPR 11 the period lasts for 10 ms. Hence the modulation fre- 
quency should be higher than 100 Hz. This low frequency is eliminated by all re- 
ceiver PLLs. 
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Cycle regeneration technique 

Another approach to modify the spectral characteristics of the data stream is the use 
of a complete synchronization (re-timing) circuit. Fig. 21 shows the fundamental 
mode of operation. The data stream is supplied to a PLL circuit for recovery or re- 
generation of the data cycle. This regenerated clock signal is supplied to a synchro- 
nization (re-timing) circuit for the data stream. An additional modulation generator 
means varies the PLL frequency for modulating the data stream. 

This circuit displays a behavior similar to the properties of the aforedescribed circuit 
but it performs additionally a synchronization (re-timing) and therefore a reduction of 
jittering in the data stream. There are two possibilities available for controlling the 
PLL. The first opportunity is modification of the digital PLL output signal and the in- 
troduction of additional delays. Another possibility consists in controlling the VCO by 
means of an analog signal. For implementation of this concept the VCO could be ini- 
tially supplied with a small negative pulse which is supplied to the control voltage 
thereof, and after one or several periods the VCO is supplied with a small negative 
pulse having the same amplitude. This results in a rapid transient frequency varia- 
tions which is so rapid per se that the PLL as such cannot respond thereto. 

Like in the case of cycle modulation additional jittering is introduced into the data 
stream. 

Measurements on modified digital signals 

Some final measurements show the benefit of a PCM signal with spread spectrum. 
Fig. 22 illustrates the worst case of a 1010 PCM signal at 200 MBaud. Here the peak 
value of the amplitude at 100 MHz is equal to -14.7 dBm. When a genuine 8B/10B 
coded signal is employed the spectrum has the appearance shown in Fig. 23. In this 
example now the maximum amplitude corresponds to -20.6 dBm while the minimum 
spacing of the spectral lines amounts to 20 MHz. On account of the short-length 
coding this spectrum does not present a homogeneous spreading. It does not dis- 
play a constant power density, which would be desirable, but on the other hand it 
presents some peak values with intermediate zeros. However, even this configura- 
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tion furnishes an improvement by approximately 6 dB as compared to the worst case 
of a 1010 signal. 

When frequency modulation is performed on the 8B/10B signal the spectrum ac- 
cording to Fig. 24 is obtained. Now the maximum amplitude equals -25.3 dBm, with a 
further improvement by 5 dB. Here the frequency modulation fills only the gaps be- 
tween the 8B/10B signal spectral lines but it is not suitable to smooth the spectrum. 
The coding with a long pseudo noise string having a pattern length of 128 bits fur- 
nishes a very uniform spectrum presenting a maximum amplitude of -32.5 dBm, as is 
shown in Fig. 25. The measured values confirm the theoretical considerations. Some 
variations are caused by restrictions and simplifications of the theoretic model. 



